By employing a recently inferred phylogeny and museum occurrence records, we examine the relationship of ecological niche evolution to diversification in the largest family of songbirds, the tanagers (Thraupidae). We test whether differences in species numbers in the major clades of tanagers can be explained by differences in rate of climatic niche evolution. We develop a methodological pipeline to process and filter occurrence records. We find that, of the ecological variables examined, clade richness is higher in clades with higher climatic niche rate, and that this rate is also greater for clades that occupy a greater extent of climatic space. Additionally, we find that more speciose clades contain species with narrower niche breadths, suggesting that clades in which species are more successful at diversifying across climatic gradients have greater potential for speciation or are more buffered from the risk of extinction.
INTRODUCTION
To explain patterns of extant biodiversity, biologists have often sought to understand what causes certain groups of organisms to have more species than others. In many cases, speciose groups often have particular traits hypothesised to drive their diversification (Alfaro et al. 2009 ). Several factors may correlate with diversification rates, including morphology (Rabosky & Adams 2012) , geographic range size (Rabosky 2009 ), elevation (Kozak & Wiens 2010b) , latitude (Kozak & Wiens 2007 ) and ecological opportunity (Mahler et al. 2010) . High rates of climatic niche evolution have also been thought to drive diversification (Kozak & Wiens 2007 , 2010a . Generally, rate of diversification can be increased either by augmenting the rate of speciation and/or by reducing the rate of extinction. A possible mechanism that could lead to increased speciation is niche divergence, whereby incipient species adapt to different climates and subsequently become reproductively isolated (McCormack et al. 2010; Kozak & Wiens 2010a) . Decreased rates of extinction may result if some lineages have a greater ability to adapt quickly to new climatic niches, leading them to adapt rather than go extinct in a changing environment (Holt 2009; Kozak & Wiens 2010a) . Although a relationship between climatic niche evolution and species diversification has been hypothesised, this relationship has not been tested broadly, mainly due to a lack of a suitable methodology for quantifying environmental niches of multiple species in an evolutionary context.
Climatic niche modelling has been used extensively to quantify various aspects of species' ecological niches along specific environmental axes, and has increasingly been used in a phylogenetic context (Peterson et al. 1999; Eaton et al. 2008; Evans et al. 2009; Cooper et al. 2011) . Physiological tolerances can be measured indirectly by quantifying species' occurrences along environmental axes (Peterson et al. 2011) , which is often the only way such information can be recorded across large numbers of species. This approach assumes that a relationship exists between species' large-scale climatic distributions and their physiological tolerances (Holt 2009; Calosi et al. 2010) . With a surge in availability of museum specimen records from natural history museums (Constable et al. 2010) , and with the recent launch of observational databases (such as eBird [www.ebird.org] ), large amounts of occurrence data can be compiled for species with relative ease. This data availability, coupled with the recent development of increasingly powerful data manipulation tools, has made large-scale studies of ecological niches feasible. However, few previous studies have investigated the relationship between ecological niche evolution and diversification rates (but see Kozak & Wiens 2010b; Schnitzler et al. 2012) .
In this study, we use climatic niche modelling in concert with a large phylogeny of songbirds known as tanagers (Thraupidae) to address hypotheses of ecological diversification. Tanagers are an ideal system in which to study the evolution of ecological niches. This clade of Neotropical birds consists of 371 species that have radiated across most of Central and South America (Fig. 1) . They are found in 27 of the 29 terrestrial habitats identified in the Neotropics (Parker et al. 1996) and are distributed at elevations ranging from coastlines to Andean highlands. Representing 12% of all avian species in the region, tanagers are one of the most prominent groups in the Neotropics (Clements et al. 2013) . Moreover, Thraupidae is the largest family of songbirds, representing nearly 10% of all songbird species. For decades, the phylogenetic limits of the group were uncertain (Sclater 1886; Storer 1969 Storer , 1970 Sibley & Monroe 1990 ); however, recent molecular studies (Barker et al. 2013; Burns et al. 2014) have identified a monophyletic group that expands traditional ideas on species composition of the family. This new view of tanagers includes ecologically diverse species such as Darwin's Finches and Neotropical honeycreepers and includes species inhabiting a range of environments from dense tropical rainforest to high altitude (> 3000 m) grasslands. Thus, the tanagers are an ideal group for an analysis of the relationship between diversification and climatic niche.
In this study, we test whether or not variation in diversification in tanagers can be explained by variation in rate of climatic niche evolution. That is, we test whether clades with more species also have higher rates of niche evolution. If shifts into new climatic regions have played a role in speciation in tanagers, then a relationship between rate of diversification and rate of ecological niche evolution might be expected (Kozak & Wiens 2007; Sobel et al. 2010) . We then discuss the relationship between diversification and niches in the context of geographic area and environmental space availability. If clades have higher rates of niche evolution, then they should have a greater propensity to occupy more environmental space. Therefore, we test for correlations between clade-specific niche evolutionary rate and clade-specific geographic range size, as range size is often considered to be a proxy for environmental space. In addition, as geographic range may not be perfectly representative of environmental space, we also test for correlations with niche volume. Because clades with greater species richness might be expected to occupy more environmental space as they diversify, we test for the correlation between clade richness and niche volume. We also examine the relationship between species niche breadth and clade diversification. Several different definitions exist for the niche, and some clades of tanagers have been studied in the context of various finer scale niche axes. Here, we define the niche as the set of broad climatic conditions that define the range of a species (Peterson et al. 2011) .
MATERIALS AND METHODS

Occurrence data acquisition
Species-level sampling of niche data largely followed the taxonomy of Clements et al. (2013) . In addition, we also modelled niches of Sicalis luteiventris and Poospiza whitii, two taxa treated as subspecies by Clements et al. (2013) , but included in the phylogeny of Burns et al. (2014) . Clements et al. (2013) treats these taxa as subspecies of Sicalis luteola and Poospiza nigrorufa respectively. For all 371 taxa we included, we downloaded the primary occurrence data, in the form of museum specimen records from four online data portals: ORNIS (http://www.ornisnet.org), GBIF (http:// www.gbif.org), IABIN (http://ara.inbio.ac.cr/) and speciesLink (http://splink.cria.org.br/). Queries through ORNIS also returned observational records from the eBird database (www.ebird.org). When specimen records were not completely available online, we requested data directly from museum curators. Our large dataset involved hundreds of thousands of species occurrence records and required the development of a new methodological pipeline (see online Supporting Information).
Environmental data
To train and project ecological niche models, we used the WorldClim dataset (Hijmans et al. 2005) , which is a set of 19 bioclimatic variables representing various averages and extremes of temperature and precipitation, as interpolated from weather stations worldwide. The elevational dataset from WorldClim is derived from NASA's SRTM data (http:// www2.jpl.nasa.gov/srtm). Because of limitations from occurrence data, we used environmental grids at a 5 arc-min resolution (roughly 10 9 10 km cells). In order to avoid possible confounding effects of correlated variables and over-fitting of niche models (Peterson et al. 2011) , we calculated pairwise Pearson correlation coefficients between the environmental grids and excluded one of each pair of grids that were highly correlated. This correlation analysis was performed using the RASTER package in R (Hijmans & van Etten 2012) . We made sure that mean temperature and mean precipitation (bio 1 and bio 12 respectively) were kept, because of the ease of their interpretability, but forced isothermality and temperature seasonality to be dropped because of odd behaviour reported in ecological niche modelling applications (A. T. Peterson, pers. comm.) . Seven bioclimatic variables and elevation were subsequently used in all modelling. These variables are annual mean temperature (bio 1), mean diurnal temperature range (bio 2), annual temperature range (bio 7), annual mean precipitation (bio 12), precipitation seasonality (bio 15), precipitation of the warmest quarter (bio 18), precipitation of the coldest quarter (bio 19) and elevation. Because the specimens used in this study were collected over the course of the last century, remote-sensing data could not be used because vegetation and land use has likely changed drastically in some areas, and no longer represents the conditions at the time of specimen collection.
Climatic niche modelling
We chose to construct niche models rather than directly use environmental conditions at the species localities. The suitability scores from the niche models can additionally be used to identify potentially erroneous species records. Niche modelling also avoids potentially detrimental effects of small sample sizes for species with few localities (for detailed niche modelling methods, see the online Supporting Information). We constructed climatic niche models with Maxent v3.3.3k (Phillips & Dud ık 2008) . Maxent is a machine-learning method that uses an algorithm to find an optimal probability distribution given a set of environmental constraints. We chose to use Maxent among the available methods for niche modelling for a variety of reasons: absence data were lacking, Maxent has exhibited high performance relative to other methods (Elith et al. 2006; Wisz et al. 2008) , it has been shown to produce robust results even with small sample sizes (Hernandez et al. 2006; Wisz et al. 2008) , it has been extensively tested in the literature, and it can be implemented through R with the DISMO package .
We created an initial niche model using all occurrence points, and used the resulting model to identify the 5% of occurrence points with the lowest probability of occurrence. We then created a new niche model using 95% of the occurrence data. In this manner, we are more conservative with our interpretation of niche models, and we are also accounting for possible errors in the occurrence data used for model construction. We converted the probability distribution output by Maxent to a binary presence/absence raster using a least training presence threshold because the simple occurrence of the species is what is of interest here (Pearson et al. 2007; Waltari & Guralnick 2009 ). Next, environmental data for all cells classified as present were extracted and the median was taken, so as to have representative values for each variable and for each species. This was executed with the RASTER package in R (Hijmans & van Etten 2012) .
Phylogeny
We used a posterior distribution of multi-locus, time-calibrated, species-level trees inferred using BEAST v1.7.1 (Burns et al. 2014) . In these phylogenies, all but two species fell into one of 13 major clades, defined as the deepest strongly supported nodes in the phylogeny. These two species and the 13 major clades were each designated as one of 15 different subfamilies by Burns et al. (2014) . Although poorly supported nodes with very short branches connect the subfamilies to each other, the phylogeny is characterised overall by strongly supported species relationships. Each of the subfamilies provides separate points in the phylogeny to compare niche evolutionary rate with diversification rate and other parameters. The phylogeny was also used to correct for phylogenetic relatedness between these subfamilies.
Clade parameters
To calculate rates of climatic niche evolution, we first took the median value for the eight environmental variables for each species, standardised the data to a mean of zero and standard deviation of one, and ran a principal components analysis (PCA) on the covariance matrix, in order to reduce dimensionality. To account for phylogenetic non-independence of the data in performing PCA, we employed a phylogenetically corrected PCA (Revell 2009 ), which uses the covariance structure of the phylogeny when transforming the data. PC axes 1 through 5 accounted for over 95% of the variation (Table 1 ) and so were kept for calculating rates of evolution. Next, the five PC axes were fit to two multivariate models of evolution, a Brownian Motion (BM) model and a global Ornstein-Uhlenbeck (OU) model, and the fits were compared with size-corrected AIC (AIC c ) in the R package OUCH (Butler & King 2004) . We chose to reduce our dataset via PCA because we experienced convergence difficulties with the model-fitting procedure with the original 8-variable dataset. As the OU model was preferred for several clades, we calculated rates from both models and found that the results were qualitatively similar, regardless of which model was used, so we present here the results from the multivariate BM model (see Supporting Information Tables A1 and A2 for results under an OU model). The trait evolution model was used to calculate the variance-covariance matrix for each clade. The diagonal elements of this matrix are the r 2 values for each PC axis, which represent the phylogenetic rate of character evolution (O'Meara et al. 2006) . The trace of the matrix, which is the sum of these diagonal elements, gives a multivariate rate parameter (Kozak & Wiens 2010a; Rabosky & Adams 2012) . This multivariate rate parameter was calculated across 1000 randomly selected trees from the post-burnin distribution from the BEAST analysis, and the median value was taken for each subfamily (Table 2) . We calculated clade-specific geographic area by overlaying the species distributions (Ridgely et al. 2007 ) from all species in each subfamily and combining these ranges as rasters, and then taking the area of those cells that indicated presence of the clade, using the R packages RASTER (Hijmans & van Etten 2012) and GEOSPHERE (Hijmans & Williams 2012) (Table 2 ). Because geographic space and environmental space are not equivalent, multivariate environmental breadth was also calculated for each clade. To do so, all unique environmental conditions were extracted for each clade. This was done by pooling the niche models from all species and extracting environmental conditions (the eight environmental variables selected earlier) for all presence cells. These cladespecific datasets were then standardised to a mean of zero and a variance of one. Principal components were calculated from the covariance matrix of these data, and the product of the eigenvalues (the standard deviations of the PC axes) was taken to represent the multivariate trait space occupied (Ricklefs & Travis 1980 ). This PCA volume was calculated from 10,000 points. To robustly sample the niche volume for each clade, the median volume was taken from 1,000 resamplings of the multivariate environmental space. Following Fisher-Reid et al.
(2012), we also calculated average proportional niche volume by calculating a similar species niche volume based on 1,000 points taken from each species' niche model, resampling 1,000 times, and dividing that by the clade's niche volume, and then averaging across all species of each clade. Thus, for each clade, we measured the average proportion of the clade's environmental niche that species occupy (Table 2) .
Correlation analyses
To understand what factors are predictive of clade species richness, we examined correlations between richness, clade age, geographic area and niche volumes, using phylogenetic generalised least-squares regression (PGLS, Grafen 1989) ( Table 3) . As deriving the correlation structure from a BM model always yielded lower AIC c values than from an OU model (DAIC c range: 0-13.32), we present results derived from a BM model (results using an OU correlation structure can be found in Table A3 in the Supporting Information). If diversification rates are changing through time, then looking for simple correlations with net diversification rate is inappropriate. Thus, before such correlations can be examined, the validity of constant-rate estimators of diversification must be verified (Rabosky & Adams 2012 ). Rate constancy was tested with a diversification model-selection process described in Burns et al. (2014) . As most clades in that analysis were fit best by a diversity-dependent model of diversification, we tested for correlations with species richness rather than with net diversification rate. Similarly, we tested for the appropriateness of using constant-rate models for niche rate by comparing the fits of a Brownian motion model, an OU model and an early burst model of trait evolution. To account for the multivariate nature of the data, we fit the models to each niche PC axis independently, and calculated multivariate AIC c by summing the likelihoods and incorporating an additional parameter for each PC axis.
Because clades with greater rate of niche evolution might be expected to occupy more geographic or environmental space, we checked for correlations between geographic area and niche rate, and a combination of geographic area and niche volume with niche rate. Finally, we looked for correlations between niche volume and richness to see if larger clades inhabit more environmental space. We log-transformed the data when necessary to obtain normality of the residuals. We accounted for phylogenetic uncertainty by running PGLS over a set of 1,000 randomly selected trees from the posterior distribution of the BEAST analysis. The median values of the output parameters are reported (Tables 3, A1 , A2 and A3). PGLS correlations were run with the NLME package in R (Pinheiro et al. 2012) . A null expectation might be that geographic area increases with both greater species richness and greater niche volume, and we found that niche volume is highly correlated with geographic area (Pearson's correlation R 2 = 0.74, P = 0.001). Therefore, to avoid biases in our Richness and clade age were estimated using all species sampled in the phylogeny, and niche parameters were estimated with species that had climatic niche data. The third column shows the number of species missing in the phylogeny, followed in parentheses by the number of species missing niche data. Clade area is in km 2 .
environmental space metric due to a geographic area effect, we examined correlations via multiple regression. Using this approach, the influence of environmental space on the dependent variable can be examined while the effect of area on environmental space is accounted for (Freckleton 2002 ).
RESULTS
We acquired over 340,000 occurrence records (after duplicates were removed) for tanagers from all databases that were accessed, of which 37% were observational records from eBird (www.ebird.org). The remaining records came from 135 different collections and institutions. After filtering steps were applied, a final dataset of 40,000 records remained, of which 50% were observational records. Island endemic species are problematic for niche modelling, because our understanding of which environments these species can and cannot tolerate is limited by the availability of environmental space on the island (Peterson et al. 2011) . This holds especially for species that occupy the entirety of an island. Therefore, of the 371 species that comprise the tanagers, 29 species are island endemics and were removed from subsequent analyses. After further eliminating species that could not be modelled due to fewer than 6 occurrence records (40 species), and species that were not sampled in the phylogenetic inference (13 species), 285 species remained (Supporting Information Table A4 ). These species were used to study diversification rates across all tanagers. For the subfamily comparisons, three subfamilies were excluded: Catamblyrhynchinae and Charitospizinae because they are monotypic subfamilies, and Coerebinae because 26 of the 29 species in this clade are island endemics that could not be included in the analyses. Through phylogenetically corrected PCA, we were able to retain 97% of the variability in the data in the top five PC axes (Table 1) . These axes do not lend themselves to any obvious interpretability, as most variables contribute to each axis.
As a whole, diversification across the phylogeny of Thraupidae is best fit by a diversity-dependent model (Burns et al. 2014) . In addition, within Thraupidae, eight of the ten subfamilies examined are also best fit by diversity-dependent models (Burns et al. 2014) . Clade age was significantly correlated with species richness (Table 3) , although this correlation loses its statistical significance when the smallest clade, Orchesticinae, is removed (Table A1 ). These results imply that species accumulation in tanager subfamilies slows down over time. Therefore, constant-rate estimators are not appropriate for the study of tanager diversification, and species richness was used instead. In contrast, we did not recover evidence of variation in the rate of niche evolution within clades, as an early burst model of niche evolution fit best in only 1 out of 11 clades (Table A5) .
We found a significant positive correlation between niche evolutionary rate and species richness (Table 3, Fig. 2a) . The correlations involving rate of climatic niche evolution were qualitatively similar when environmental data directly extracted from localities were used, instead of values extracted via niche models (data not presented). We also found significant positive correlations between species richness and clade age, niche volume and clade geographic area. As some predictors of species richness are likely to be correlated, and since multiple variables might jointly explain species richness better than individual predictors, we also built multiple regression models, and compared models using AIC c and Akaike weights (Burnham & Anderson 2002) . We found that, although several variables are correlated with species richness, a model of species richness being predicted by variation in niche rate was strongly supported as the best model (Table 3 ). Other models, such as richness being correlated with clade age, niche volume or clade area, were found to be statistically significant. However, these models were ultimately less important relative to the strongly supported model when an AIC c model-selection approach was used. Clade age appears to be somewhat of an Table 3 Results of phylogenetic least-squares regressions with a BM correlation structure, where niche rate is derived from a BM model of phenotypic evolution. Models within each block of the table were compared with the AIC c criterion and averaged with Akaike weights (wtAIC c ). b AE SE represents the regression coefficient and standard error from the PGLS models. The model found to be best has been bolded. Niche rate, clade richness, niche volume, and proportional niche volume were log-transformed. These correlations were tested across 1000 randomly sampled trees in order to account for phylogenetic uncertainty. (Table  A3) as well as when niche rate was derived from an OU model of trait evolution (Tables A1 and A2 ).
Clades that occupy larger geographic area were found to have higher rates of climatic niche evolution (Table 3 ). This might be expected because they would be encountering more environments and barriers than clades with more restricted ranges, thereby generating more opportunity for diversification (Kozak & Wiens 2010b) . However, a model that incorporates both area and environmental volume received much greater AIC c support. Additionally, we found that niche volume is highly correlated with niche rate (Fig. 2b) , but geographic area is not, when the effect of geography on environmental space is controlled for in the multiple regression (Table 3) .
Finally, proportional niche volume was negatively correlated with species richness (Fig. 2c) , which shows that in larger clades, species have on average narrower niches relative to the niche space occupied by their clade.
DISCUSSION
We have shown that rate of climatic niche evolution is an important predictor of species richness, indicating that broadscale ecological parameters are important axes along which tanagers have diversified. Although incorporating clade age led to moderately supported models for predicting species richness, this appears to be at least somewhat driven by the inclusion of Orchesticinae, the smallest clade with 2 species, as this support weakens when this clade is left out of the analysis (Tables A1 and A2 ). Only a few previous studies have investigated the relationship between niche evolution and species richness. Our findings are in agreement with those of Kozak & Wiens (2010a) on plethodontid salamanders. Though clade diversity was quantified differently, these authors also found support for rate of niche evolution being correlated with lineage diversification. Faced with significant climatic change, species from a clade with a low rate of niche evolution might be less likely to shift into new environmental space, and will run a greater risk of extinction (Wiens & Graham 2005) , leading to lower clade richness. The data presented here support this possibility: clades with lower rates of niche evolution are also those clades with the fewest species.
Clades with greater rate of climatic niche evolution are made up of more species, and these species occupy a greater geographic area and breadth of environmental space. As geographic area is accounted for in our measurement of niche volume via multiple regression, this result implies that larger clades occupy an amount of environmental space that is disproportionately larger than expected given the geographic area occupied by that clade. Ultimately, we would expect that rate of niche evolution should be best predicted by an axis that provides greater opportunity for diversification, which in this case is clade niche volume. As clades diversify, ecological opportunity will decline in the form of decreasing environmental space availability and lineage diversification will slow as a result (Mahler et al. 2010 ). Although we do not find evidence of a slowdown in niche rate to parallel the slowdowns in clade diversification, it is possible that niche space is still becoming saturated, but that this saturation is not leading to a slowdown in niche rate as defined by the early burst model of trait evolution. For example, niche space may be becoming saturated by species that are not each other's closest relatives.
The inverse correlation found between average proportional niche volume and species richness indicates that there is a link between a clade's inherent ability to carve out a subset of the available niche space (narrow niche breadth) and the clade's potential for speciation (Rundle & Nosil 2005) . Because this metric is calculated as a proportion of the clade's overall niche volume, clades with more species have on average subdivided the overall breadth of niche space occupied more finely. Such a correlation was not found for plethodontid salamanders (Fisher-Reid et al. 2012) . Fisher-Reid et al. (2012) measured proportional niche breadth as the difference between minimum and maximum PCA-transformed bioclimatic variables, whereas we calculated the product of eigenvalues, also based on PCA-transformed bioclimatic variables, which is conceptually similar. To investigate whether or not this difference in results is methodological or ecological in nature, we calculated proportional niche breadth exactly as described in Fisher-Reid et al. (2012) and did not find a significant correlation for tanagers. Plethodontid salamanders have very different life histories as compared to tanagers and the nature of the association between these organisms and their climatic environment is likely very different. However, because a positive correlation between rate of climatic niche evolution and species diversity is found in both plethodontids and tanagers, climatic axes must be important for diversification in both cases. Visual inspection of the graphs indicated that some clades depart from the overall trend (Fig. 2) . For example, the tanager subfamily, Thraupinae, the most speciose tanager subfamily, has a substantially slower rate of niche evolution than would be expected, given its species richness (uppermost point, Fig. 2a) . Thus, our results highlight groups where future research is warranted. Although we find correlations between diversification and niche metrics, other biological covariates may also play a role. It is possible that finer scale habitat and dietary niche characteristics for different clades lead to the broader climatic differences we have identified here. Additionally, other characteristics, such as evolutionary shifts in morphology or behaviour in tanagers might also influence diversification. Further research is warranted to gain an understanding of how different traits might influence diversification, alone and in concert.
This study is unique in the size of the clade being tested, and in the consideration of diversity-dependent models of diversification in the examination of climatic niches. Many studies of traits correlated with diversification have used net diversification rate, without considering whether or not such a metric is suitable (Rabosky & Adams 2012) . However, in many groups, including tanagers, diversity-dependent models best describe patterns of diversification (Burns et al. 2014) ; therefore, using net diversification rate is not appropriate. By using species richness in our analyses, we avoid this problem and properly examine the relationship between diversity and climatic niche evolution. Our results show that climatic niches play an important role in diversification across this speciose group of Neotropical birds. Some clades of tanagers are larger than others, and this is associated with shifts into new climatic niche space. This finding suggests that there is a link between speciation and the propensity of species to adapt to new climatic space. With speciose radiations, there is no a priori expectation that rates of niche evolution and species richness will follow such a pattern, as some other morphological or life history trait could be driving diversification, or diversification could result from non-adaptive, passive responses to geologic events. Our results indicate that niche evolution could play a fundamental role in our understanding of ecological controls on diversification, and should be investigated across a broad range of organisms. This paper should facilitate these studies by providing the necessary methodological pipeline to analyse niche evolution in large, geographically widespread clades.
